Plants need to attune stress responses to the ongoing developmental programs to maximize their efficacy. For instance, successful submergence adaptation is often associated to a delicate poise between saving resources and their expenditure to activate measures that allow stress avoidance or attenuation. We observed a significant decrease in submergence tolerance associated with aging in Arabidopsis thaliana, with a critical step between two and three weeks of post-germination development. This sensitization to flooding was concomitant with the transition from juvenility to adulthood. Transcriptomic analyses indicated that a group of genes related to ABA and oxidative stress response was more expressed in juvenile plants than in adult ones. These genes are induced by endomembrane tethered ANAC factors that were in turn activated by submergence-associated oxidative stress. A combination of molecular, biochemical and genetic analyses showed that these genes are located in genomic regions that move towards a heterochromatic state with adulthood, as marked by lysine 4 dimethylation of histone H3. We concluded that, while the mechanism of flooding stress perception and signal transduction were unaltered between juvenile and adult phases, the sensitivity that these mechanisms set into action is integrated, via epigenetic regulation, into the developmental programme of the plant.
Introduction
1 3 1 transformants (T 1 ) were selected upon germination on MS medium plates containing the herbicide 1 3 2 glufosinate-ammonium (PESTANAL®, Sigma-Aldrich). Transgene expression was assessed by 1 3 3 real time qPCR using the primers ANAC017_F and ANAC017_R listed in Table S1 . Single-copy 1 3 4 transgene insertion was verified by segregation of the T 2 progeny on herbicide-containing plates. Homozygous T 3 or next generation plants were used for the following experiments. Total protein from shoot tissues of pUBQ10:RFP-ANAC017-GFP plants was extracted in a buffer 1 3 8 containing 50 mM Tris-HCl pH 7.6, 1 mM EDTA, 100 mM NaCl, 2% SDS and 0.05% Tween-20. Reactive oxygen species (ROS) production was visualized in juvenile and adult plants treated in 1 5 4 dark submergence conditions for 24 h, starting at the end of the light phase, or sampled before the 1 5 5 onset of the treatment. ROS staining and detection was carried out using methods described by Daudi and O'Brien (Daudi & O'Brien, 2012) . Briefly, collected plants were stained in freshly 1 5 7 prepared 1 mg ml −1 3,3'-diaminobenzidine solution (DAB, Sigma-Aldrich) neutralized in 10 mM 1 5 8 Na 2 HPO 4 for 12 h, then chlorophyll was bleached in an ethanol:acetic acid:glycerol=3:1:1 solution Cytosine methylation on target loci was assessed by Methylation-Sensitive Restriction Enzyme and SalI (Thermo Fisher Scientific). Full information related to target loci identity and location of 1 7 7 the target CpG sites evaluated is reported in Table S2 . Eight hundred ng DNA was digested using 1 1 7 8 µl of the respective restriction enzyme (10 U HpaII, or 40 U SalI), or an equal volume of 50% analysis can be found in Table S2 . Amplifications were carried out with an ABI Prism 7300 1 8 5 sequence detection system (Applied Biosystems) with a standard cycling protocol. The methylation 1 8 6 level in each sample is expressed as relative amplification level (cut/uncut ratio) between enzyme- The extent of histone methylation in juvenile or adult leaf samples was assessed in Col-0 plants by 1 9 0 chromatin immuno-precipitation with rabbit polyclonal Anti-Histone H3 (di methyl K4) (Abcam, 1 9 1 9 cat. no. ab7766) or Anti-Histone H3 (tri methyl K27) antibody (Abcam, cat. no. ab195477) (5 µg 1 9 2 specific antibody added to each sample). Five biological replicates were used, each obtained from 1 9 3 500 mg fresh tissue. The ChIP assay was performed according to the protocol described in Giuntoli 1 9 4 et al. (2017) . The primers used to specifically quantify genomic DNA abundance by qPCR in 1 9 5 immune-purified and input samples are listed in Table S3 . All ANOVA and Kaplan-Meier survival analyses were carried out with the aid of the GraphPad 1 9 8
Prism version 6.01 for Windows (GraphPad Software, La Jolla California USA, We systematically assessed the flooding tolerance of Arabidopsis plants (Columbia-0 ecotype) at 2 0 5 different ages. Two, three, four or five weeks after germination, plants corresponding to stage 1.06, two to four days, with incremental steps of 12 h. Survival was scored a week after de-submergence. 1a) that was further confirmed by their higher survival rates as compared to older plants ( Fig. 1b ). In the attempt to reduce the space required for the subsequent experiments, we then tested plants 2 1 1 grown in pools of equally spaced individuals, in 7 cm pots ( Fig. 2a ), instead of singularly. In these 2 1 2 new conditions, two week-old plants again displayed better flooding tolerance than three week-old 2 1 3 ones ( Fig. 2a and 2b) , demonstrating the suitability of the set-up. In the older plants, the first 2 1 4 symptoms of sufferance, such as vitrescence and collapse of leaf tissues, could already be observed 2 1 5 at de-submergence ( Fig. 2a ), although loss of survival capacity, in terms of maintenance of leaf 2 1 6 production at the shoot apical meristem, was evident only one week later. Attracted by this phenomenon, we decided to investigate its molecular determinants. Our first 2 1 8 observation was that the difference between the two phenological stages encompassed the transition 2 1 9 from juvenilily to adulthood. On average, the rosette of two week-old plants consisted of six leaves; 2 2 0 one week later, this number doubled ( Fig. 3a ). In this time interval, moreover, canonical markers of 2 2 1 10 adulthood were displayed, such as the appearance of trichomes in the abaxial side of the eighth leaf 2 2 2 and those subsequently produced, and elongation of leaf shape with serrated margins (Fig. 3a ). (Huijser & Schmid, 2011; Zhang et al., 2015) . A survey of fourteen Arabidopsis SPL genes in the 2 2 5
Genevestigator bioinformatics platform (Hruz et al., 2008) revealed that they are globally highly 2 2 6 expressed in vegetative tissues, and that SPL3 and 4 mRNAs slightly increase from young to adult 2 2 7 plants, by a 12% or 19% fold change (Fig. S1 ). We therefore compared the mRNA levels of a 2 2 8 subset of SPL genes in shoot tissues of two and three-week-old plants by means of realtime qPCR. In our hands, SPL3 and SPL4 mRNA levels showed a marked and significant rise in older plants, 2 3 0 while SPL2, 5 and 9 showed as expected no detectable fluctuations (Fig. 3b ). Hence, based on the 2 3 1 behaviour of the phase transition markers SPL3 and 4, here onwards we refer to two week-old 2 3 2 plants as juvenile and three week-old plants as adult. The surge of SPLs' expression that drives the achievement of adulthood is known to be enabled by 2 3 4 suppression of miR156 expression, whereas it overexpression delays the dismissal of juvenile traits. We therefore tested if transgenic plants with ectopic constitutive expression of miR156 also 2 3 6 retained higher submergence tolerance. Unexpectedly, three week-old 35S:miR156 plants (Wang et   2  3  7 al., 2009), characterised by a prolonged juvenile phase, showed higher sensitivity than adult wild 2 3 8 type plants of the same age, both visible at the moment of de-submergence ( Fig. 3c ) and after 2 3 9 recovery ( Fig. 3d ). We concluded that ectopic miR156 expression exerted a detrimental effect that 2 4 0 overcame the improved tolerance to submergence associated with juvenility. 
Molecular responses to hypoxia do not differ between juvenile and adult plants 2 4 2
Once discarded a direct involvement of miR156 in the different tolerance of juvenile and adult 2 4 3 plants, we turned to evaluate whether its molecular bases could be revealed by the expression of 2 4 4 marker genes. We analysed a number of markers of anaerobic responses (ADH, PDC1, Hb1, SAD6, the activation of core low oxygen-responsive genes, which in plants of both ages were strongly 2 5 0 upregulated during flooding and equally abated after 24 h re-oxygenation ( Fig. 4 and Table S4 ).
5 1
Starvation-related genes, instead, exhibited interestingly lower expression in juvenile plants after 24 2 5 2 h submergence as compared with adult ones, but not at the earlier time point ( Fig. 4 and Table S4 ). submergence, confirming the behaviour revealed by the microarray experiment. Instead, we could 2 7 3 not observe the same trend after 12 h submergence only ( Fig. 5b ), suggesting that the observed 2 7 4 regulation rather occurred after long-term submergence. that showed significantly higher expression (FC>2) in submerged juvenile plants and three that 2 7 7 were significantly less expressed (FC<-2) ( Table 1 and Table S5d ). The 35 genes clearly clustered 2 7 8 into two major groups, while clustering together the submergence response data sets within the two 2 7 9 ages ( Fig. 5c ). To understand the role of these newly identified juvenility-specific genes, we looked at their over several distinct microarray experiments showed that several of these transcripts respond to 2 8 3 abscisic acid (ABA) and antimycin A application, whereas only few of them were affected by low 2 8 4 oxygen stresses ( Fig. S2 and Table S6 ). Antimycin A is an inhibitor of the mitochondrial electron 2 8 5 agreement with previous reports, we then observed a decrease in the level of this hormone upon 3 0 0 submergence, which occurred to the same extent at both developmental stages (Fig. 6a ). These 3 0 1 pieces of evidence led us to discard the hypothesis that higher ABA content in juvenile plants could To evaluate whether the juvenile tolerance could arise from some enhanced sensitivity to the 3 0 4 hormone, we thus moved on to compare plant responsiveness to ABA. Using the dedicated 3 0 5
Genevestigator tool, we selected five ABA-responsive markers from publicly available 3 0 6 experiments: PP2CA (At3g11410), DREB19 (At2g38340), the alpha/beta hydrolase At1g68620, suggesting that juvenile plants are not likely to be more sensitive to the hormone under unstressed 3 1 2 conditions (Fig 6b) . Not only the more submergence-tolerant juvenile plants showed no differential decreased survival probability at both developmental stages (Fig. 6c) . The results obtained in the analyses described above led us to dismiss the hypothesis of a prominent 3 1 7 role by ABA signalling in enhancing tolerance in juvenile plants. On the other hand, these results 3 1 8 could suggest that ABA signalling contributes to plant sensitivity to submergence. We tested this by 3 1 9 means of abi2-1 mutant plants, which are ABA insensitive. Indeed, adult abi2-1 plants displayed 3 2 0 significantly better tolerance to submergence than the wild type ( Fig. 6d ). At this point, determined to pursue the initial question about the differential expression of the identified set of juvenile-3 2 2 specific genes, we moved on to evaluate the contribution of ROS synthesis, perception and 3 2 3 downstream signalling. The age-dependent sensitivity to submergence is due to a differential activity of the ROS- To substantiate the connection between higher expression of ROS-related genes in juvenile plants can be primed to better endure submergence by application of a low dose of antimycin A (100 nM) 3 2 9
prior to stress. In this sense, antimycin A pre-treatment proved indeed effective for adult plants (Fig.   3 3 0 7a and b), while it did not produce any effect on two week old plants (Fig. 7b ). This suggests that between juvenile and adult plants (Fig. S3a) ; at both ages, ROS production was stimulated by dark 3 3 8 submergence and, to a lower extent, by extended prolonged darkness conditions (Fig. S3b ).
9
Therefore, we favoured the alternative explanation, by which juvenile plants might be especially The inhibition of the mETC and consequent ROS production in Arabidopsis has been shown to 3 4 2 activate a number of genes involved in the attenuation of oxidative stress by means of a subgroup of 14 thereby allowing the cleaved soluble polypeptide to re-localize to the nucleus. We therefore 3 4 9 investigated the involvement of these transcription factors in the superior tolerance of juvenile 3 5 0 plants to flooding. Within the broad NAC family, by blast analysis we could identify five members 3 5 1 with high sequence similarity to ANAC017 and a putative transmembrane region at the C-terminus. and 17 (Fig. 8a) , have been recently reported to regulate the response to proteotoxic stress 3 5 4 (Gladman et al., 2016) . Limited to the members of the latter clade, interrogation of public gene 3 5 5 expression datasets did not show significant differences at the transcriptional level between leaf 3 5 6 samples from young or developed plants at the pre-flowering stage (Fig. S4 ). Based on these 3 5 7 observations, we decided to focus on ANAC017 as the most highly expressed member of the 3 5 8 subgroup in rosette tissues (Fig. S4 ).
5 9
When challenged with submergence, a homozygous knock-out ANAC017 mutant (anac017-1), 3 6 0 exhibited significantly lower survival at the juvenile stage, as compared to wild type plants of the 3 6 1 same age (Fig. 8b) , providing evidence for the involvement of this transcription factor in flooding in juvenile anac017 mutant plants (Fig. S2b ). A subset of these genes also proved to be less induced 3 6 8 upon submergence in juvenile anac017 plants (Fig. S5 ).
6 9
Next, we tested whether ANAC017 is differentially regulated at the post-transcriptional level in 3 7 0 juvenile and adult plants. To this purpose, we cloned its full length coding sequence and fused it to two protein halves subsequently to cleavage (Fig. 8c ). This construct was transformed in adaxialised leaves at the adult stage (Fig. S6) , although they were indistinguishable from the wild 3 7 7 type at the juvenile stage. We investigated ANAC017 cleavage upon mitochondrial stress across the (Fig. 8d ). In addition to these, the anti- transcription factor (Fig. 8d) . The nuclear targeted fragment RFP-ANAC017Δ24 accumulated at 3 8 6 higher levels both under flooding and antimycin A treatments than in control conditions, while the 3 8 7 ER-localized fragment strongly decreased upon stress treatment independently of the age 3 8 8 considered (Fig. 8d) . Juvenile plants accumulated more RFP-ANAC017Δ24 when treated with 3 8 9 antimycin A, but not under submergence. Considered together, these results suggested that different 3 9 0 ANAC017 proteolysis upon submergence does not account for the ROS-mediated superior 3 9 1 tolerance of juvenile plants. Having excluded the occurrence of transcriptional or post-transcriptional regulation on ANAC017 3 9 5 in the developmental stages under investigation, we pointed at the epigenetic status of the target 3 9 6 DNA loci and investigated some chromatin modifications in the same selected juvenile-specific 3 9 7 genes described above. To this end, we kept the analysis focussed on the same set of genes 3 9 8 evaluated in Fig. 5b , as interrogation of public datasets confirmed their ANAC017-dependent 3 9 9 upregulation in response to mitochondrial stress (Fig. 9a) . A possible mechanism underlying the 4 0 0 differences observed in terms of mRNA accumulation (Fig. 5b) might consist in distinct age-4 0 1 specific methylation patterns of the genomic DNA, able to affect RNA polymerase activity. We (Table S2 ). With the exception of CYP71A13 and GSTU25, the analysis revealed a trend for 4 0 5 higher methylation of the target loci in juvenile samples (Fig. 9b ).
0 6
In another scenario, juvenile and adult plants might differ in terms of chromatin accessibility to 4 0 7 ANAC017, after its activation by mitochondrial stress signalling, and to other regulatory factors. We thus analysed a histone 3 modification of known to play a repressive role in the octamer, K27 4 0 9 trimethylation (H3me3K27), and found that five of the gene promoters evaluated, namely ASK11, 4 1 0 CYP71A13, AOX1D, At1g68620 and ACS2, showed significantly higher enrichment in adult plants 4 1 1 in comparison with juvenile ones, in at least one analyzed region (Fig. 9c ). This observation hints at 
16
H3K4 dimethylation (H3me2K4, (Liu et al., 2019) ), showed instead no significant differences in 4 1 5 our conditions (Fig. 9c ). represents the first attempt to investigate submergence tolerance in Arabidopsis at different stages 4 2 1 of plant growth. We consistently observed higher tolerance of juvenile plants in comparison to older 4 2 2 ones ( Fig. 1 and 2) . The transition from juvenility to adulthood is accompanied by an increase in the Schmid, 2011). Here, we confirmed that adult plants grown in our experimental conditions increase 4 2 6 significantly the expression of SPL3 and SPL4 as compared to juvenile plants (Fig. 3b ).
2 7
Surprisingly, instead, artificial procrastination of adulthood by miR156 overexpression did not 4 2 8
improve the tolerance to submergence ( Fig. 3c and d) , indicating that either parallel signalling 4 2 9 pathways, associated with juvenility to adulthood transition, are responsible for this phenomenon, The molecular response to submergence broadly overlapped between juvenile and adult plants, and 4 3 2 corresponded to the one that we previously reported for four week-old plants (Giuntoli et al. 2017) . transcription factors regulate the expression of fermentative genes (Loreti et al. 2018 activated late during submergence (Fig. 5b) .
ABA has been investigated as a hormone potentially involved in submergence responses in several 4 5 1 plant species, including both dicots and monocots (Hook et al., 1988; Hoson et al., 1993; Hurng et 4 5 2 al., 1994; Lee et al., 2009) . Consistent with previous reports, our data confirmed that ABA levels 4 5 3 decreased upon submergence at both developmental stages (Fig. 6a ). Adult plants showed stronger 4 5 4 ABA-responsiveness under non-flooded conditions (Fig. 6b ), suggesting that other signals beyond 4 5 5
ABA are involved in the upregulation of the subset of juvenile-specific genes under submergence. ABA is actually more likely to play a negative role in the adaptation of plants to submergence since 4 5 7
ABA pre-treatment reduced submergence survival at both ages (Fig. 6c ). Accordingly, an ABA-4 5 8 insensitive mutant (abi2-1) exhibited increased flooding tolerance in adult plants (Fig. 6d ). Taken Instead, we could link this feature to the impairment of mitochondrial activity. Treatment with 4 6 3 antimycin A, which inhibits mtETC complex III and consequently leads to the production of ROS, 4 6 4 was reported to cause upregulation of one third of the juvenile-specific genes (Fig. S2b) . These remodelling, which potentially improve survival under stress conditions. Indeed, pre-treatment of 4 6 7 adult plants with antimycin A significantly improved flooding survival in adult plants but not 4 6 8 juvenile ones. We speculated that either juvenile plants at this developmental stage are especially 4 6 9 sensitive to ROS-related signals produced under submergence conditions or that they actually are 4 7 0 more promptly able to produce this signal when the stress occurs. We could not detect differences 4 7 1 between juvenile and adult plants after DAB staining for hydrogen peroxide under control or stress 4 7 2 conditions (Fig. S3 ). response to mitochondrial dysfunction (De Clercq et al., 2013; Ng et al., 2013; Meng et al., 2019) . Mitochondrial ROS production has been proposed to lead to the release of N-terminal fragments of 4 7 6 these factors, by action of rhomboid proteases, into the nucleus, where they act as transcriptional 4 7 7 regulators. Among them, ANAC017 was abundantly expressed in both juvenile and adult plants 4 7 8 ( Fig. S4) and T-DNA mediated inactivation of ANAC017 reduced significantly survival under were characterized by lower DNA methylation, in line with what has been described for animal 5 0 0 models (Manzo et al., 2017) . Promotion of a heterochromatic context in specific stress-related 5 0 1 genes in adult plants might be interpreted as an adaptive strategy to limit responsiveness, and its 5 0 2 high energy costs, in plants destined to reproductive development.
0 3
To conclude, in the same genetic background, juvenile Arabidopsis plants showed enhanced 5 0 4 survival than adult plants under submergence conditions. We showed that this tolerance mechanism 5 0 5 is independent of the core-anaerobic response (Fig. 4) and rather relies on NAC transcription factors 5 0 6 that mediate retrograde stress signalling ( Fig. 8b and 9 ). The differential response between 5 0 7 developmental stages seems to originate from the chromatin status of the loci targeted by 5 0 8 ANAC017, rather than from its direct regulation by the stress. If confirmed in crop species, this 5 0 9
finding might help breeding programs and farming practice to tailor strategies on the specific 5 1 0 developmental stage at which submergence-related stresses are experienced. 
